An Extensible Optical Bench (EOB) for a X-ray satellite (ASTRO-H) had a length of 6.4m in extended configuration. Although the same type of extensible mast was used in Space Radio Telescope (Halca) in 1997, the tip mass was quite different in the case of ASTRO-H. Due to the tip mass of 150kg, the natural frequency of EOB was less than 1Hz in the extended configuration. ASTRO-H was launched on Feb. 17, 2016, and the EOB was extended on Feb. 28, 2016, successfully. However, because the vibration of EOB occurred during the extension, the extension operation was carried out over four passes intermittently. When the amplitude of induced vibration excessed the predefined threshold, we stopped the extension, then stayed until the vibration was damped. In this paper, the induced vibration during extension and its mechanism are reported. Through simulations, it is confirmed that one of the major causes of the vibration is a periodic change of gap between mast and canister at the root of EOB.
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Introduction
ASTRO-H (Hitomi) was a X-ray astronomy satellite launched on Feb. 17, 2016. 1) ASTRO-H was equipped with four kinds of instruments: Soft X-ray Spectrometer, Soft X-ray Imager, Hard X-ray Imager (HXI, two units), and Soft Gamma-ray Detector (SGD, two units). For 12m focal length of Hard X-ray Telescopes (Fig. 1) , Extensible Optical Bench (EOB) was developed, the length of which was about 6.4m in extended configuration (Fig. 2) . Although there are various types of extensible structures such as hingeless mast and telescopic rod, we adopted the same type of extensible mast which had been used in space radio telescope (Halca 2, 3) ) from the view point of stiffness and extension repeatability. The major differences in the operational conditions of extensible mast between Halca and ASTRO-H were existence of bending moment and tip-mass. In the case of Halca, the extensible mast was used to deploy and support a cable mesh antenna with tension. Due to the bending moment caused by the tension, the longitudinal direction of mast was inclined to one side so that the gap between mast and canister are also put to one side during extension. In the case of ASTRO-H, the extensible mast was used to support two units of HXI at correct position. Because there was no dominant constant bending moment during extension, the position of mast during extension was unsettled in the gap. Furthermore, due to the tip mass of 150 kg (two units of HXI and HXI plate), the natural frequency of EOB is less than 1Hz in the extended configuration (Fig. 3) . Because of the existence of gap and low frequency of EOB, we had suspected that the vibration and attitude motion might be caused during extension. Indeed, the vibration of EOB occurred. The operation of extension was carried out over four passes intermittently. In this paper, the induced vibration of EOB during extension and its mechanism is discussed. Table 1 shows the specification of EOB. Figure 4 shows extensible mast during extension. In stowed configuration, 22 stages are folded and one top stage is fixed. Figure 5 shows components of the extensible mast and canister. In the stowed configuration, the top stage is supported at the six corners of two triangle battens by three screw jacks. In the extension operation, the triangle battens are moved forward by three screw jacks and it causes the longerons to unfold. Just before a batten is fully pushed out from the screw jacks, the longerons are straightened then locked. This sequence is repeated until the mast is fully extended. The last stage of EOB is fixed to the canister by kinematic couplings at the root of mast. Before the fixation by kinematic couplings, there are some gaps between mast and canister as mentioned above.
Extensible Optical Bench (EOB)
Specification and mechanism of EOB
At first, the quasi-static extension had been expected because the speed of extension was slow enough (12 mm/s) and the disturbance generated by EOB motor and gears during 2) the extension was quietly small. However, we had doubted if the vibration was induced during extension because of the low natural frequency and the existence of gaps during extension.
Operation procedure of EOB extension
The operation procedure of EOB extension is shown in Fig.  6 . In the ASTRO-H, the x-y translational and rotational displacements of the tip of EOB were measured by Canadian ASTRO-H metrology System (CAMS).
4) For a safe extension of EOB, the CAMS data and the angular velocities of satellite in addition to stage counter, encoder, motor current, temperature, and micro-switches were watched. The information of micro-switch was used to check the status of EOB, the information of stage counter and encoder was used to check the speed of extension, and the information of motor current and motor temperature was used to check whether the resistant force against extension is normal or not. The information of CAMS data and the angular velocities of satellite was used to check whether the induced vibration was kept within safe level or not. We had planned to stop the extension if the displacements of EOB and angular velocities become large and exceeds predefined thresholds. 
Induced Vibration during Extension
The EOB was extended on Feb. 28, 2016, successfully. The time histories of stage counter, encoder and motor current during whole operation of EOB extension are shown in Fig. 7 . The operation of extension was carried out over four passes intermittently. Because the extension was once stopped in the second pass, the extension was divided into five sequences. At last, the encoder reached to the final value, and the completion of extension and latch of root was confirmed by the answer of micro-switch. Figure 8 shows the translation and rotational displacements of the tip of EOB during the final pass. A free vibration after the latch was observed. Form the vibration data, it was estimated that the natural frequencies of EOB bending were x-axis 0.59 Hz and y-axis 0.63 Hz, the damping ratio was 0.02. These values were consistent with predicted value 0.66 Hz shown in Fig. 3 . This was supporting evidence for the soundness of latch of root. As a representative status information during extension, time histories of stage counter, motor current, increment of encoder, angular velocities, and translational and rotational displacements during the first pass are shown in Fig. 9 . The extension of EOB was started at 822 s in the first pass. After the about one second acceleration, the extension proceeded with a constant speed. Although there were no abnormal trends in motor current and encoder, the induced vibration was observed in translational and rotational displacements of EOB and angular velocities. The amplitude of induced vibration increased as the extension proceeded. At last, we stopped the extension at 974 s because the displacements of EOB and angular velocities exceeded predefined thresholds. After the stop of extension, the induced vibration was damped in about 30 s. The vibration and angular velocities increased especially after the timing of stage-counter up. In the following, we discuss the phenomena through the results of numerical simulation.
Numerical Simulation and Discussions
Simulation model
In this paper, we consider only two-dimensional motion including bending vibration of EOB and attitude motion of the main body of satellite to simplify the problem. As major factors of the extension behavior, the speed of extension, gaps between mast and canister, the offset of center of mass of HXI plate are considered. The main body of satellite (mass ( , ) ( sgn( ) )
When we assume that the external torque is zero and the initial angular moment is zero, we can obtain the following motion equations. 
In the above equations,
, sin , cos ( 1, 2)
and  is the internal torque defined in Eq. (1). Neglecting higher order terms in the motion equations, the following linear equation is obtained for relative angle 2  . 
, The torsional spring K is assumed to consists of two springs in series which corresponds to the stiffness of latch at root of mast and the stiffness of mast itself as shown in Eq. (10). The later springs is assumed to vary inversely as extended length
The time history of extension speed is assumed as trapezoidal one (acceleration/deacceleration time T a ，time of constant speed T c ，constant velocity V c ). The extension length ( ) t  is expressed as the following equation. 
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where initial length is 0  , final length is max  , and
The nominal values of parameters used in simulation are summarized in Table 2 with reference to the specification of ASTRO-H. corresponds to the translational displacement of EOB tip. At first, an internal torque due to the offset of center of mass of HXI plate is generated until the extension speed converges to a constant V c . As a result, the angular velocity 2   is induced. However, due to the damping the motion is settled smoothly so that there is no vibration. To investigate the effect of parameters and other causes on extension behavior, we carried out following simulations. In the following cases, nominal values of parameters were used except for the focused effect. However, only case 5 was based on not case 1 but case 4. In Table 3 , the focused effect is summarized. At first the damping ratio is changed from 0.02 to 0.0002 to investigate the effect of damping. The result is shown in Fig.  12 . Although motion of relative angle which corresponds to the bending of EOB occurs, the behavior is quite different from the extension shown in Fig. 9 . Because the vibration and angular velocities increased especially after the timing of stage-counter up as shown in Fig.  9 , we considered the disturbance at that moment. As shown in Fig. 9 , the motor current slightly increased and the increment of encoder (speed of extension) decreased after the timing of stage-counter up for about 2 s because the longerons was straightened and locked at that moment. Therefore, we introduce a periodic fluctuation of the extension speed as disturbance into simulation model. The extension speed is changed during T dis with interval time T int as follows:
In the case of =0.05,  2 dis T  s, int 20 T  s, time history of extension speed ( ) t   is shown in Fig. 13 . The result of numerical simulation with above fluctuation of extension speed is shown in Fig. 14 . Although slight fluctuations are observed in relative angle and angular velocity, any vibration is not induced. At last, we consider a periodic fluctuation of gaps between mast and canister as another disturbance. Around the timing of stage-counter up, the longerons was straightened and locked as mentioned above. In the lock operation, the in-plane position of longerons is restricted. Therefore, the gap   between mast and canister decreases and becomes almost zero at that moment. After the moment, the restriction is released rapidly. By using BBM of EOB on ground, the fluctuation of gap was measured experimentally. In the following simulation, we introduce a periodic fluctuation of the gap. The gap   between mast and canister is changed during T dis with interval time T int as follows:
In the case of 2 dis T  s, int 20 T  s, time history of   between mast and canister is shown in Fig. 15 . The result of numerical simulation with above fluctuation of gap is shown in Fig. 16 . At first, though the change of relative angle and displacement are small, they gradually become large as the extension proceeds. In addition to it, induced vibration is also observed in the later half. The numerical result consistent qualitatively with the extension behavior on orbit in Fig. 9 .
Therefore, it is concluded that the periodic fluctuate in gap between mast and canister is one of major cause of induced vibration. To suppress the vibration in Fig. 16 , we attempted to add additional weak torsional spring without gap in the simulation. Practically, the additional guide by something like plate-spring at the end of canister could correspond to the additional weak torsional spring in the simulation model. Figure 17 shows an example of extension behavior with additional weak spring without gap. In the simulation, the error of neutral position of the spring was also considered. As shown in Fig. 17 , because of the additional weak spring without gap, the vibration is suppressed substantially. 
Conclusion
The extension behavior of EOB for X-ray satellite (ASTRO-H) was reported. Especially, the induced vibration 7 during extension and its mechanism were discussed. Through simulations, it was confirmed that one of the major causes of the vibration is the periodic change of gap between mast and canister. As the countermeasure of the vibration, the effectiveness of additional weak spring without gap was shown by numerical simulation.
